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Summary
Objective: The structure and composition of articular cartilage change during development and growth. These changes lead to alterations in
the mechanical properties of cartilage. In the present study, biomechanical, biochemical and structural relationships of articular cartilage dur-
ing growth and maturation of rabbits are investigated.
Design: Articular cartilage specimens from the tibial medial plateaus and femoral medial condyles of female New Zealand white rabbits were
collected from seven age-groups; 0 days (n¼ 29), 11 days (n¼ 30), 4 weeks (n¼ 30), 6 weeks (n¼ 30), 3 months (n¼ 24), 6 months (n¼ 24)
and 18 months (n¼ 19). The samples underwent mechanical testing under creep indentation. From the mechanical response, instantaneous
and equilibrium moduli were determined. Biochemical analyses of tissue collagen, hydroxylysylpyridinoline (HP) and pentosidine (PEN) cross-
links in full thickness cartilage samples were conducted. Proteoglycans were investigated depth-wise from the tissue sections by measuring
the optical density of Safranin-O-stained samples. Furthermore, depth-wise collagen architecture of articular cartilage was analyzed with
polarized light microscopy. Finite element analyses of the samples from different age-groups were conducted to reveal tensile and compres-
sive properties of the ﬁbril network and the matrix of articular cartilage, respectively.
Results: Tissue thickness decreased from w3 to w0.5 mm until the age of 3 months, while the instantaneous modulus increased with age
prior to peak at 4e6 weeks. A lower equilibrium modulus was observed before 3-month-age, after which the equilibrium modulus continued
to increase. Collagen ﬁbril orientation angle and parallelism index were inversely related to the instantaneous modulus, tensile ﬁbril modulus
and tissue thickness. Collagen content and cross-linking were positively related to the equilibrium compressive properties of the tissue.
Conclusions: During maturation, signiﬁcant modulation of tissue structure, composition and mechanical properties takes place. Importantly,
the present study provides insight into the mechanical, chemical and structural interactions that lead to functional properties of mature articular
cartilage.
ª 2009 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Main components of articular cartilage matrix are the three-
dimensional collagen ﬁbril network, negatively charged pro-
teoglycans (PGs) and interstitial water. The structure and
composition of articular cartilage adapt to external loads it
is subjected to1,2 and are strongly related to mechanical*Address correspondence and reprint requests to: Dr Petro
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1628function of cartilage3,4. The functional adaptation of tissue
composition and structure during development and matura-
tion of articular cartilage, under the inﬂuence of loading, lay
the grounds for cartilage function at later age5e7.
During maturation articular cartilage undergoes changes
in its composition7e10. In addition, the collagen framework
of articular cartilage experiences signiﬁcant structural mod-
iﬁcations during development and maturation, e.g., it
exhibits extra structural laminae in the deep cartilage7,11e13.
Based on ﬁnite element analyses (FEA), it has been pro-
posed that this multilaminar collagen network modulates
the mechanical characteristics of articular cartilage during
maturation4. Therefore, the collagen network organization
Fig. 1. Sample sites on the left knee joint surfaces are shown in photographic images.
1629Osteoarthritis and Cartilage Vol. 17, No. 12has a signiﬁcant role in regulating cartilage mechanical
properties during the maturation process. Furthermore, it
has earlier been shown that the tensile stiffness of the tis-
sue changes during growth, maturation and ageing, while
the compressive stiffness remains more stable9,14e16. The
alterations in the mechanical properties of cartilage may
have signiﬁcance for biosynthesis of cartilage matrix, or
may result to modulated cellular biosynthesis17.
As the cartilage has to withstand impact forces equivalent
to loads several times the body weight during life, high me-
chanical integrity is essential for the tissue. Earlier, the im-
portance of the collagen ﬁbril network during impact
loading has been highlighted18e20. In addition to potential
effects on metabolic activity of chondrocytes, impact loads
may evoke cartilage damage. This emphasizes the protec-
tive role of the collagen ﬁbril network. During maturation, the
collagen network is developing and the tissue has not yet
functionally adapted to external loads. At that stage, articu-
lar cartilage is hypothetically prone to injuries.
Previous studies have investigated the biomechanical and
biochemical relationships in articular cartilage3,11,18,19,21e27.
In general, they indicate that compressive tissue properties
are mainly determined by PGs and water3,18,21e25, and
short-term dynamic properties are primarily controlled by
the water and collagen content11,18,19,22,26,27. At present,
we do not fully understand how the changes in the tissue
composition and structure interact with the changes in itsme-
chanical behavior during maturation.
Our objective was to assess the biochemical, structural
and mechanical development of rabbit articular cartilage
from birth to maturity, speciﬁcally by focusing onTable I
Number of femoral and tibial cartilage samples (n) from separate
rabbits and respective analyses performed for all samples in
each age-group
Age-group n (femur) n (tibia) Analysis methods
Newborn 14 15 mech, h, FEA, coll
11 Days 16 14 mech, h, FEA
4 Weeks 15 15 mech, h, FEA, coll, PLM, DD
6 Weeks 15 15 mech, h, FEA, PLM, DD
3 Months 12 12 mech, h, FEA, coll, PLM, DD
6 Months 12 12 mech, h, FEA, coll, PLM, DD
18 Months 10 9 mech, h, FEA, coll, PLM, DD
mech, Mechanical tests; h, thickness measurements; FEA (only
one typical sample from each joint site was modeled); coll, bio-
chemical analysis of collagen composition and cross-linking; DD,
digital densitometry of cartilage PGs.development of the collagen network. Mechanical proper-
ties of cartilage tissue were investigated by combining me-
chanical tests and ﬁnite element (FE) simulations.
Subsequently, correlations were investigated between the
measured tissue mechanical vs compositional and struc-
tural properties. Based on the earlier evidence, we hypoth-
esized that the ﬁbril network structure would have a high
impact on the mechanical properties of the maturing articu-
lar cartilage. These interactions are crucial for understand-
ing the development of functional properties of cartilage
from young age to adulthood.Materials and methodsSAMPLESArticular cartilage samples were harvested from the left and right femoral
medial condylesand tibialmedial plateausof femaleNewZealandwhite rabbits
(n¼ 94) (Fig. 1). The samples were collected and divided into seven age-
groups at different stages of maturation: newborn (0 days), 11 days, 4 weeks,
6 weeks, 3 months, 6 months and 18 months. Each group included 9e16Fig. 2. Schematic presentation of the depth-wise cartilage structure.
The arrangement of collagen ﬁbrils, chondrocytes, and the increase
of the PG content towards subchondral bone in mature tissue are
shown. For PLM and digital densitometry analyses, the cartilage
was divided into 10 equal depth-wise layers, which were combined
into four zones designated as superﬁcial, intermediate, and two
deep zones. The layers’ thickness (absolute value) was dependent
on the sample thickness.
Fig. 3. A typical FE mesh, constructed according to sample geom-
etry. A breakdown of an FRPE-element is also presented. In the
FEA, the bottom of the sample is attached to the subchondral
bone. A rigid non-porous indenter exhibits a frictionless contact
with the cartilage sample.
1630 P. Julkunen et al.: Mechanics of immature and mature articular cartilagesamples. These samples were prepared for mechanical, biochemical and
structural analyses, however, not all age-groupswere included inall of theanal-
yses. The analyses carried out for the samples in each age-group are summa-
rized in Table I. Mechanical tests and biochemical analyses were performed
from the left knee, while the collagen ﬁbril orientation and parallelism as well
as PG content were analyzed depth-wise from the right knee. For the depth-
wise analysis, the full thickness samples were divided into 10 equal depth-
wise layers, which were combined into four zones: superﬁcial (one layer),
intermediate (two layers), deep1 (three layers) and deep2 (four layers) (Fig. 2).MECHANICAL TESTINGIn all age-groups samples from the left knee were mechanically tested un-
der creep indentation using four steps with a step-wise load of 0.04 N. A non-
porous plane-ended indenter with a diameter of 0.544 mm was utilized28. A
mechanical testing device29 equipped with a precision motion controller
(PM500-C Newport, Irvine, CA) and load-cell (Sensotec, Columbus, OH)
was used to induce a constant load. The ramp compression rate was
15 mm/s. Before the experiments, the samples were equilibrated under
0.01 N pre-load. Total step length was 30 min. Deformation of the samples
was recorded throughout the experiment. Thickness of the samples was mea-
sured by using a needle technique (Morpho Insect Pins, 000/0.25 mm)29,30.
From the mechanical tests, isotropic instantaneous modulus and equilib-
rium moduli were determined. The instantaneous modulus was calculated
from the start of the second creep-step during the application of loading.
The equilibrium modulus was determined using the equilibrium points of
each creep-step. The modulus values for each sample were calculated using
the theoretical solution by Hayes et al.31. The solution accounts for the
indenter diameter and shape, as well as for sample thickness and Poisson’s
ratio. During ramp loading, Poisson’s ratio value of 0.5 was used in calcula-
tion of the instantaneous modulus32. Poisson’s ratio of 0.15 was applied for
calculation of the equilibrium modulus33.BIOCHEMICAL ANALYSIS OF COLLAGEN CONTENT AND
CROSS-LINKINGAfter indentation testing specimens were decalciﬁed in 0.5 M ethylenedia-
minetetraacetic acid (EDTA) solution, pH 8. After washing to remove exces-
sive EDTA cylindrical cartilage-bone plugs were prepared, cartilage isolated
and weighed for analysis. After hydrolysis in 6 M HCl, amounts of hydroxypro-
line (Hyp), HP and PEN cross-links were quantiﬁed by high performance liquid
chromatography (HPLC) as described earlier with the help of standards that
were kind gifts of Dr Jeroen de Groot, TNO, Leiden, The Netherlands. Colla-
gen content was calculated from the Hyp content assuming that a collagen tri-
ple helix contains 300 Hyp residues, choosing an averagemolecular weight of
300 kDa for collagen. Collagen is expressed as mg collagen per mg wet
weight of cartilage. Levels of HP and PEN cross-links are expressed as moles
per mg wet weight of tissue34e36. Collagen content or cross-linking analyses
were not performed for samples from 11 days or 6 weeks age-groups.Fig. 4. Tissue thickness (A), instantaneous modulus (B) and equi-ANALYSIS OF COLLAGEN ORIENTATION AND PARALLELISMlibrium modulus (C) as a function of age (mean and 95% conﬁ-
dence-level). Statistically signiﬁcant (P < 0.001) differences
between the age-groups are indicated with the white (tibia) and
black (femur) stars.Polarized light microscopy (PLM) analyses were performed on right knee
articular cartilage (Table I). Bone ends were ﬁxed in phosphate buffered 4%
formaldehyde, pH 7.0, for 2 days, decalciﬁed with 10% EDTA solution sup-
plemented with 4% formaldehyde and 0.1 M phosphate buffer, pH 7.4, forat least 14 days. After postﬁxation overnight in 4% formaldehyde, cylindrical
cartilage-bone plugs were prepared from the same area where the mechan-
ical tests were performed on (Fig. 1). Plugs were sectioned in random orien-
tation into two halves with a razor blade, dehydrated in ascending series of
alcoholic solutions and embedded in parafﬁn with the cut surface facing bot-
tom of the cassette. Seven-mm-thick histological sections were deparafﬁ-
nized and treated with hyaluronidase (SigmaeAldrich Co., St. Louis, MO)
to remove PGs7,37. Analyses of collagen ﬁbril orientation and parallelism
were performed depth-wise from each sample by averaging three consecu-
tive measurements. The orientation angle of collagen ﬁbrils is the angle
between the joint surface and the measured average lengthwise orientation
of the collagen ﬁbrils. For analysis, tissue sections were positioned in the mi-
croscope in a constant way, i.e., the cartilage surface was deﬁned as 0 di-
rection. The perpendicular-to-surface direction was deﬁned as 90
direction38. Parallelism index (PI) characterizes the degree of ﬁbril parallel-
ism or anisotropy. A high index indicates that the collagen ﬁbrils in the spe-
ciﬁc pixel run in the same direction. A PI value 0 denotes a complete lack of
ﬁbril parallelism. In the depth-wise analysis, the samples were investigated in
Fig. 5. PLM images (ﬁbril orientation) of characteristic cartilage samples from femur and tibia in each age-group are presented to show the
development of the collagen architecture. Collagen architecture in tibia appeared to mature earlier than that in the femur. After 3 months
of age, no signiﬁcant changes occur in the collagen architecture of the rabbit cartilage.
1631Osteoarthritis and Cartilage Vol. 17, No. 12four zones: superﬁcial, middle, upper deep zone (deep1), and lower deep
zone (deep2) (Fig. 2). PLM analyses were not possible with specimens of
the newborn or 11-day-old animals, because the inferior tissue integrity en-
abled no successful cutting of the samples. For image capturing, processing
and analysis, and macro-routines of the data calculation, IPLab 8 Spectrum
software (BD Biosciences Bioimaging, Rockville, MD) was used. The reader
is referred to Rieppo et al. for a detailed description of the PLM system and
the image analysis7,38.ANALYSIS OF PGSDigital densitometry was used for the determination of the spatial PG con-
tent (assessed by optical density). Three-mm-thick microscopic sections of
cartilage samples were cut and stained with Safranin-O39,40. Five parallel
sections of each cartilage sample was analyzed and averaged. In the
depth-wise analysis, four zones were investigated similarly as in the PLM
analyses (Fig. 2). For detailed description of the densitometry technique
and Safranin-O-staining the reader is referred to earlier reports40,41. Digital
densitometry analyses were not possible with specimens of the newborn
or 11-day-old animals, as the inferior tissue integrity prevented successful
cutting of the samples.FEAA sample from each age-group at both anatomical sites, representing the
median properties within the age-group in that joint, was chosen for FEA.
Altogether, ﬁbril-reinforced poroelastic (FRPE) models were constructed
for 14 samples. In the models, the solid matrix was composed of a compress-
ible matrix and tensile ﬁbrillar matrix. The compressive matrix was consid-
ered to include the effect of compressible properties of the collagen ﬁbril
network as well as the PGs, and was modeled as poroelastic material. It
was described with Young’s modulus (Em), Poisson’s ratio and permeability
(k). Poisson’s ratio of the compressive matrix was ﬁxed to 0.42 and void ratio
to 3.542,43. The tensile ﬁbrillar matrix was constructed using radially oriented
spring elements with a ﬁbril modulus (Ef), representing the superﬁcial carti-
lage layer. Each FRPE model consisted of 1125 axisymmetric eight-node
poroelastic continuum elements (Fig. 3). The indenter was modeled as
non-porous and rigid. Thus, the ﬂuid ﬂow was allowed only through the
free surfaces. The contact between the indenter and cartilage was consid-
ered frictionless. The models were implemented in Abaqus 6.5 (Abaqus
inc., Providence, RI). The model has been described earlier by Julkunen
et al.28 and Kiviranta et al.11.Simulations were performed for the two ﬁrst steps of the creep test, using
the same loading protocol as in experimental tests. The model parameters
Em, Ef and k were optimized for each sample by minimizing the mean
squared error between the experimental and simulated deformation. The
model simulations were originally performed for our recent study28.STATISTICAL ANALYSESAge-dependent changes in the mechanical parameters and tissue thick-
ness were analyzed using the ManneWhitney test between consecutive
age-groups. Differences between the tibial and femoral cartilage in tissue
thickness and the mechanical properties were compared using Wilcoxon’s
signed ranks test. Inter-relations between the measured variables were
analyzed using Pearson’s correlation (R) analysis. In the present study,
the inter-relations between the mechanical parameters and the biochemical
and structural information were investigated; thus, correlation tests were per-
formed only between the mechanical parameters and other measured pa-
rameters. The measured compositional and structural parameters were
also correlated with the model-derived parameters. All the reported correla-
tions were two-tailed. The two joint surfaces were investigated both sepa-
rately and by pooling together. Linear regression analysis was used to
estimate whether the changes in compositional and structural parameters
could explain the variation in mechanical parameters. All statistical analyses
were performed with SPSS software (version 16, SPSS Inc., Chicago, IL).
ResultsCHANGES IN MECHANICAL PROPERTIES OF FULL THICKNESS
SAMPLESTissue structure
The cartilage thickness experienced signiﬁcant age-re-
lated changes [Fig. 4(A)]. Tissue thickness decreased
with age up to 3 months, after which it appeared to stabilize
at w500 mm. At the same time, the structure of collagen ﬁ-
bril network underwent changes from dominating parallel-
to-surface ﬁbril orientation towards zonal structure (Fig. 5).
Within the age-groups, there was little variation in the
tissue thickness between the specimens. Before reaching
1632 P. Julkunen et al.: Mechanics of immature and mature articular cartilagematurity, i.e., before the age of 3 months, the tibial cartilage
was signiﬁcantly (P< 0.001) thinner than the femoral carti-
lage. In contrast, after reaching maturity the tibial cartilage
was thicker than the femoral cartilage (P< 0.05).
Mechanical tests and FEA
The instantaneous modulus and equilibrium modulus
revealed signiﬁcant changes during maturation of articular
cartilage. The most signiﬁcant change in both parameters
was noticed between 4 weeks and 3 months of age,
when values of both moduli decreased after the peak at
the age of 4 (tibia) or 6 (femur) weeks [Fig. 4(B) and (C)].
Linear regression and FEA implied that these changes
were related to alterations in the tensile ﬁbrillar modulus
(P< 0.001) and the hydraulic permeability (P< 0.05) with
partial correlations of 0.85 and 0.61, respectively. The
compressive matrix modulus had an insigniﬁcant role
(P¼ 0.34). The equilibrium modulus continued to increase
even after the tissue had reached maturity up to the age
of 18 months. Differences in the mechanical moduli were
also found between the joint sites: tibial cartilage showed
a signiﬁcantly (P< 0.01) higher equilibrium modulus up to
the age of 11 days as compared to femoral cartilage, while
the situation was inversed (P< 0.05) from the age of 6
weeks up to 6 months. Femoral cartilage exhibited signiﬁ-
cantly (P< 0.01) higher instantaneous modulus between
the age of 4 weeks and 6 months.
The FRPE model analyses indicated that the value of
compressive matrix modulus increased nearly linearly dur-
ing growth and maturation [Fig. 6(B)]. Instead, the ﬁbril ten-
sile modulus showed a sudden drop in its value between
the age of 6 weeks and 3 months [Fig. 6(A)]. The FRPE-de-
rived hydraulic permeability exhibited no clear maturation-
dependent behavior [Fig. 6(C)].STRUCTURE e FUNCTION RELATIONSHIPSFig. 6. The FRPE-derived ﬁbril tensile modulus (A), compressive
matrix modulus (B) and permeability (C) are presented as a function
of age. Modeling was performed only for the median samples of
each age-group. Please note that the ﬁbril tensile modulus values
are presented in a logarithmic scale, while other parameters are
presented in a linear scale.Based on the observed cartilage maturity, the samples
were divided into two groups: immature (0e3 months of
age) and mature (6e18 months of age). By this division
most of the biomechanical, biochemical and structural in-
ter-relations during growth and maturation could be
explained.
During growth and maturation up to 3 months of age, the
collagen content of articular cartilage rapidly increased
while the cartilage thickness decreased [Fig. 7(A)]. The col-
lagen ﬁbril network demonstrated remarkable structural
alterations during development and growth (Fig. 5).
In immature femoral cartilage, changes in the collagen ﬁ-
bril orientation in the middle and deep zones were inversely
related to changes in the cartilage thickness and instanta-
neous modulus (R¼0.77 to 0.61, P< 0.001 and
R¼0.53 to 0.33, P< 0.05, respectively), while PI was
inversely related to instantaneous modulus and equilibrium
modulus (R¼0.57 to 0.36, P< 0.05 and R¼0.60
to 0.38, P< 0.05, respectively; Fig. 8). In immature tibial
cartilage, cartilage thickness was inversely related to
changes in the collagen ﬁbril orientation and PI of the super-
ﬁcial zone was positively related to instantaneous and equi-
librium moduli (R¼0.53, P< 0.001 and R¼ 0.53,
P< 0.001, respectively; Fig. 9). Furthermore, PI of the mid-
dle and deep zones of the tibial samples correlated with the
cartilage thickness (R¼0.55 to 0.52, P< 0.001). When
all samples were pooled to a single group, the ﬁbril orienta-
tion and PI were inversely related to cartilage thickness and
instantaneous modulus, whereas the collagen content andcross-linking were positively related to the equilibrium mod-
ulus (Fig. 10).
Our FE simulations suggested that the ﬁbril orientation
changes associated with the alterations in the ﬁbril tensile
modulus (R¼0.95 to 0.43; Fig. 11). We also found
that the collagen content and cross-linking affected the
equilibrium and compressive mechanical properties of the
cartilage, this effect being different in tibial and femoral car-
tilage [Figs. 7(B)e11]. Over the entire growth and matura-
tion period, collagen content and HP cross-linking were
inversely related to changes in the thickness of articular car-
tilage (R¼0.78 and 0.81 in femoral cartilage, respec-
tively, and R¼0.68 and 0.38 in tibial cartilage,
respectively; P< 0.05).
Fig. 7. The inter-relations between (A) collagen content and tissue thickness, (B) HP cross-linking and equilibrium modulus, (C) collagen ori-
entation and instantaneous modulus as well as between (D) PI and instantaneous modulus. The age of the samples is indicated with a color
scale shown above the plots. For simplicity of presentation, the femoral and tibial samples are pooled together in this analysis. The collagen
ﬁbril orientation and PI represent the mean values in the full thickness cartilage samples.
1633Osteoarthritis and Cartilage Vol. 17, No. 12LINEAR REGRESSIONSPooled samples (immature and mature)
Using linear regression among the pooled samples, we
found that the compositional parameters explained 68%
of the variation in the instantaneous modulus, with signiﬁ-
cant descriptors being the collagen content (P< 0.01),
PEN (P< 0.05) and mean ﬁbril orientation angle
(P< 0.001). Mean optical density, mean PI and HP had
no signiﬁcant effect. The linear regression model was
able to explain only 43% of the variation in the equilibrium
modulus, the only signiﬁcant descriptor being the PEN
cross-linking (P< 0.05). Seventy-nine percent of the varia-
tion in tissue thickness was explained by the composition,
with mean ﬁbril orientation angle (P< 0.001) being the
only signiﬁcant descriptor.
Immature samples
During early growth and maturation (from birth to 3
months of age), we found that the compositional parame-
ters explain 63% of the variation in instantaneous modulus,
with signiﬁcant descriptors being the collagen content
(P< 0.05) and the mean ﬁbril orientation angle
(P< 0.001). The linear regression model was able to ex-
plain 43% of the variation in equilibrium modulus, the only
signiﬁcant descriptor being the collagen content
(P< 0.01). Eighty-three percent of the variation in the tissue
thickness was explained by the composition, with the signif-
icant descriptors being the mean ﬁbril orientation angle
(P< 0.001) and PEN (P< 0.05).Mature samples
In the mature samples (from age 6 to 18 months), the
compositional parameters explained 63% of the variation
in the instantaneous modulus, with signiﬁcant descriptors
being the HP (P< 0.05) and PEN (P< 0.05) cross-linking.Discussion
The present study indicated signiﬁcant biomechanical,
biochemical and structural adaptations during maturation
of rabbit articular cartilage. Some of these changes may oc-
cur over lifetime, but the most signiﬁcant changes in rabbits
take place before the cartilage tissue reaches maturity, i.e.,
before 3e4 months of age44. Determined by the present
methods and within the experimental design of this study
the collagen network seemed to reach mature properties
at the age of about 3 months. This is also reﬂected by the
PLM images presented in Fig. 5. Before the age of 3
months, signiﬁcant adaptations occur in the composition
and structure of the collagen network. These changes affect
mechanical properties and thickness of the tissue (Figs. 8
and 9). The tissue mechanical properties appeared to de-
pend on the composition and structure of the cartilage at
young age, as shown by our correlation and linear regres-
sion analyses.
Mechanical tests and biochemical analyses were per-
formed for samples from the left knee, while collagen ﬁbril
orientation and parallelism as well as PG content were an-
alyzed from the right knee. This division was justiﬁed by
a previous study by Brama et al.45 showing that there are
Fig. 8. Linear correlation coefﬁcients (R) between the mechanical properties and the structural and compositional properties in immature (A)
and mature (B) femoral cartilage. In the category axis (x-axis), the compositional and structural parameters are indicated. In each category,
there are white, gray and black bars indicating the correlation coefﬁcient between the property on the x-axis and the compared parameter:
thickness, instantaneous modulus and equilibrium modulus, respectively. Thickness refers to total thickness of the cartilage, i.e., not individual
zone thickness.
1634 P. Julkunen et al.: Mechanics of immature and mature articular cartilageno signiﬁcant differences between the knees in collagen
properties. However, they found small differences (<10%)
in the PG content between the sides45, implying that the
knee from which the samples were harvested could have
some effect on the PG results of the present study.
Remodeling of the collagen ﬁbril network has been
shown to take place during growth and maturation7,46. Im-
portantly, remodeling of the collagen ﬁbril architecture plays
a crucial role in the dynamic mechanical behavior of articu-
lar cartilage, which was also related to tensile ﬁbril modulus
in the FE models (Fig. 11). This ﬁnding is consistent with the
earlier FE simulation studies as well4,47. In this study, the
role of collagen network was highlighted as the network
experiences signiﬁcant changes during maturation. The col-
lagen network appears to have a more profound role in the
femoral cartilage than in the tibial cartilage. This is demon-
strated by signiﬁcant changes in the ﬁbril tensile modulus
and instantaneous modulus during maturation of femoral
cartilage, as well as by the stronger correlation betweenthese mechanical moduli and the depth-wise PLM results
(Figs. 8 and 9). Parallelism of the collagen ﬁbrils was in-
versely related to changes in cartilage mechanical proper-
ties, especially in the deep zone, where the collagen
ﬁbrils are organized either parallel to the cartilage surface
(immature cartilage), or perpendicularly to the cartilage sur-
face (mature cartilage) (Fig. 5). During maturation, collagen
ﬁbrils are reorienting from parallel to perpendicular orienta-
tion with respect to the cartilage surface. In conjunction with
this, changes occur in the tissue mechanical properties
(Fig. 7).
Before 3 months of age, articular cartilage has a dominant
collagen ﬁbril orientation in parallel-to-surface direction,
which increases the apparent stiffness of the tissue when
compressed in perpendicular-to-surface direction. During
mechanical testing the ﬁbrils stiffen as the ﬁbril tensile strain
increases restricting the volumetric deformation of the tis-
sue, which results in increased instantaneous modulus4.
The signiﬁcant reduction of cartilage thickness between 1
Fig. 9. Linear correlation coefﬁcients (R) between the mechanical properties and the structural and compositional properties in immature (A)
and mature (B) tibial cartilage. In the category axis (x-axis), the compositional and structural parameters are indicated. In each category, there
are white, gray and black bars indicating the correlation coefﬁcient between the property on the x-axis and the compared parameter: thickness,
instantaneous modulus and equilibrium modulus, respectively. Thickness refers to total thickness of the cartilage, i.e., not individual zone
thickness.
1635Osteoarthritis and Cartilage Vol. 17, No. 12and 3 months of age is likely caused by advancement of the
endochondral ossiﬁcation front and subsequent develop-
ment of the subchondral bone48 (Fig. 5). It appears that
when the thickness of articular cartilage is reduced to
w0.5 mm, development of the subchondral bone reaches
the point when it participates in load-bearing of articular car-
tilage. Similar phenomenon is observed in tibial cartilage
but even earlier than in femoral cartilage. At the age of 4
weeks, the ﬁbrillar structure of tibial cartilage has not yet
reached a steady state (Fig. 5). But at 3 months of age,
the cartilage thickness and its ﬁbrillar structure have
reached the mature appearance. Hence, the increase in in-
stantaneous modulus at the age of 6 weeks (Fig. 4) could
be explained the thinning of the articular cartilage, which
generates the necessary biomechanical environment for
the development of mature articular cartilage structure
and function20,44.
When investigating the entire growth and maturation pe-
riod of the rabbits (from birth to 18 months of age), theequilibrium and compressive mechanical properties of artic-
ular cartilage were related to the collagen content and the
level of HP and PEN cross-linking of the collagen network
(Fig. 10). This supports earlier ﬁndings demonstrating that
the compressive properties of cartilage are also affected
by other factors than PGs9,11,19,49. Alterations of the colla-
gen ﬁbril architecture are also present in the deep zone of
cartilage, and have a signiﬁcant effect on the mechanical
response of cartilage47. Collagen content seems to control
the equilibrium and compressive properties of cartilage to
a larger extent than the PGs, however, this may result
from greater variations in overall amount of collagen than
PGs in the tissue50. The collagen content also appears to
experience more signiﬁcant qualitative changes during mat-
uration than the PGs10.
The present study demonstrates that biomechanical
characteristics of the collagen network reached a mature
state at 3 months of age in rabbits. By this time-point, carti-
lage thickness is stabilized44 (Fig. 4). Just prior to
Fig. 10. Linear correlation coefﬁcients (R) between the mechanical properties and the structural and compositional properties when all sam-
ples over the entire life span (0e18 months of age) were pooled. In the category axis (x-axis), the compositional and structural parameter is
indicated. In each category, there are white, gray and black bars indicating the correlation coefﬁcient between the property on the x-axis and
the compared parameter: thickness, instantaneous modulus and equilibrium modulus, respectively. Thickness refers to total thickness of the
cartilage, i.e., not individual zone thickness.
1636 P. Julkunen et al.: Mechanics of immature and mature articular cartilagestabilization, the dynamic properties (instantaneous modu-
lus) experienced signiﬁcant variations (Fig. 4). FE and re-
gression analyses suggested that this result was related
to the tensile ﬁbril modulus (P< 0.001) and permeability
(P< 0.05) of the tissue. The present FRPE model was
rather simple consisting of linear elastic compressive matrixFig. 11. The model-derived ﬁbril tensile modulus, compressive matrix mod
compositional and structural properties. The resulting linear correlation co
positional and structural parameters are indicated. In each category, there
between the property on the x-axis and the model-derived parameter: ﬁb
meability, respand only laterally oriented ﬁbrils (active only in tension).
However, this model was used because signiﬁcant modula-
tions occur in the tissue structure and composition, and we
wanted to reduce the number of assumptions in the model.
The FRPE model was primarily used to separate the tensile
ﬁbrillar properties from the compressive matrix propertiesulus and hydraulic permeability were correlated with the measured
efﬁcients (R) are presented. In the category axis (x-axis), the com-
are white, gray and black bars indicating the correlation coefﬁcient
ril tensile modulus, compressive matrix modulus and hydraulic per-
ectively.
1637Osteoarthritis and Cartilage Vol. 17, No. 12(shown to be affected by the collagen content and PGs) and
ﬂuid ﬂow (through permeability)3. It was shown that the ten-
sile ﬁbril modulus was controlled by the collagen orientation,
collagen content and HP cross-linking (with partial correla-
tions of 0.81, 0.52 and 0.79, respectively), while the com-
pressive matrix modulus, Em was controlled mainly by the
PG content and PEN cross-linking (with part correlations
of 0.89 and 0.47, respectively).
Joint loading can affect the metabolic activity of chon-
drocytes17,51e53. The accelerated biosynthesis and the
subsequently increased contents of PGs and collagen con-
tribute to mechanical changes of the cartilage50,53. During
growth and maturation of cartilage, especially remodeling
of the collagen network takes place54. The most signiﬁcant
changes in the functional properties of cartilage were ob-
served before 3 months of age. However, functional prop-
erties of cartilage are probably further modiﬁed by the
maturation-related changes, e.g., collagen cross-linking.
This will further affect the mechanical properties of
cartilage.
In summary, mechanical properties of rabbit articular car-
tilage reach maturity at 3 months of age and become stable.
Then, thickness of articular cartilage has decreased to that
of adult tissue. Mature tibial cartilage was thicker than fem-
oral cartilage from 3 months onwards, whereas the differ-
ence was reversed during the ﬁrst 3 months after birth.
Our model predictions imply that the tensile mechanical
properties of the collagen network experience extensive
changes before the age of 3 months, most of which could
be explained by changes in the collagen ﬁbril organization.
In contrast, mechanical properties of the compressive ma-
trix continue to develop more steadily through the whole pe-
riod of growth and maturation.Conﬂict of interest
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